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A novel amperometric sensor based on the incorporation of ruthenium oxide hexacyanoferrate (RuOHCF)
into multiwalled carbon nanotubes (MWCNTs) immobilized on a glassy carbon electrode is described.
Cyclic voltammetry experiments indicated that the cathodic reduction of hydrogen peroxide at the
RuOHCF/MWCNTs100/GC modiﬁed electrode is facilitated, occurring at 0.0 V vs. Ag/AgCl/KCl(sat). Follow-
ing the optimization of the experimental conditions, the proposed sensor presented excellent analytical
properties for hydrogen peroxide determination, with a low limit of detection (4.7 lmol L1), a large
dynamic concentration range (0.1–10 mmol L1) and a sensitivity of 1280 lA mmol1 L cm2. The useful-
ness of the RuOHCF/MWCNTs100/GC electrochemical sensor was conﬁrmed by monitoring the consump-
tion of hydrogen peroxide during the degradation of phenol by the Fenton reaction.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Hydrogen peroxide is employed as a reagent in a wide variety of
applications [1], including as a disinfectant and bleaching agent in
a number of industrial and household products [2,3], in food pres-
ervation [1] and in whitening teeth [3]. Hydrogen peroxide is an
essential reagent in the Fenton reaction, in which ferrous salts re-
act with hydrogen peroxide to generate the highly oxidizing hydro-
xyl radical (OH) (Eq. (1)). Due to its high standard potential, this
radical is capable of oxidizing various classes of organic com-
pounds [2]. However, hydrogen peroxide is an important contribu-
tor to the cost of degradation processes based on the Fenton
reaction and excess hydrogen peroxide can scavenge the hydroxyl
radical, forming the much less reactive hydroperoxyl radical ðHO2Þ
(Eq. (2)). This reaction (Eq. (2)) is much faster compared with the
decomposition of hydrogen peroxide in the presence of Fe (Eq.
(1)). Hence, real-time monitoring of hydrogen peroxide during
Fenton reaction-based processes for the remediation of efﬂuents
is of relevance for maintaining the hydrogen peroxide concentra-
tion at optimal levels and for guaranteeing that the degradation
of organic compounds occurs quickly and efﬁciently [4,5].
Fe2þ þH2O2 ! Fe3þ þ OHþ OH k ¼ 76 mol L1 s1 ð1Þ
H2O2 þ OH! HO2  þH2O k ¼ 2:7 107 mol L1 s1 ð2Þll rights reserved.We have recently reported that glassy carbon electrodes coated
with an electrodeposited ﬁlm of ruthenium (III) oxide hexacyano-
ferrate (RuOHCF) present good electrocatalytic features for electr-
odic processes involving 20-deoxyguanosine [6], ascorbate [7,8]
and hydrogen peroxide [8,9]. Transition-metal hexacyanoferrates
consist of polynuclear mixed-valence compounds with open,
zeolite-like structure, and have been used as electrocatalytic
reaction mediators and electrode modiﬁers for their excellent
electron-transfer properties [10]. At surfaces containing this chem-
ical modiﬁer, hydrogen peroxide is electrocatalytically reduced at
0.0 V vs. Ag/AgCl/KCl(sat) which allows amperometric determina-
tions with a low limit of detection and good selectivity [9].
Carbon nanotubes (CNTs) have been demonstrated to have
excellent electrocatalytic abilities that improve performance in
electrochemical devices [11]. Their electrical, structural and
mechanical properties and dimension-sensitive characteristics
such as a tubular structure and high surface-to-volume ratio make
CNTs very attractive as materials for the fabrication of novel plat-
forms for sensors and biosensors [12–15]. Thus, both single-walled
(SWCNT) and multiwalled nanotubes (MWCNT), the latter consist-
ing of several concentric graphite cylinders separated from one an-
other by 0.34–0.36 nm [16], have been employed to promote the
electron transfer reactions of a wide range of species of biological
relevance, including DNA [17], proteins [18], hydrogen peroxide
[19], dopamine [20] and ascorbic acid [21].
In the present work, we demonstrate the advantages of combin-
ing RuOHCF ﬁlms with MWCNTs to provide a promising platform
for hydrogen peroxide sensing. The potential of the resultant elec-
trochemical sensor was conﬁrmed by employing it to monitor
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nol by the Fenton reaction (Fe2+ + H2O2).2. Experimental section
2.1. Reagents and solutions
All reagents were of analytical grade and were used without
further puriﬁcation. The solutions were prepared by dissolving
the reagents in deionized water processed through a water puriﬁ-
cation system (Nanopure Inﬁnity, Barnstead). The reagents used
were potassium ferricyanide, potassium chloride, potassium per-
manganate, ferrous sulfate, hydrogen peroxide, sulfuric acid and
ferric chloride, obtained from Merck (Darmstadt, Germany), and
ruthenium (III) chloride, which was obtained from Alfa Aesar (Mas-
sachusetts,USA). Hydrogen peroxide solutions were prepared daily
from a 30% (w/w) stock solution standardized as reported in the
literature [22]. Multiwalled carbon nanotubes (MWCNT),
30 ± 10 nm in diameter and 1–5 lm in length, with 95% purity,
were obtained from NanoLab, USA. Functionalization of the
MWCNTs was performed with N,N-dimethylformamide (DMF)
(Fluka, Switzerland) and nitric acid (Riedel–de Haën, Germany),
as reported in the literature [23]. Phenol (F. Maia LTDA, Brazil)
was used as model compound for degradation by the Fenton reac-
tion. Ammonium metavanadate (Vetec, Brazil) and ferrous sulfate
solutions were prepared from 10.0 mmol L1 unbuffered pH 3.0
stock solutions, adjusted with sulfuric acid.2.2. Electrodes and instrumentation
An Autolab PGSTAT 30 (Eco Chemie) bipotentiostat with com-
mercial data acquisition software (GPES 4.8 version) was used for
the electrochemical measurements. A Ag/AgCl (saturated KCl) elec-
trode of in-house construction and a platinum wire were used as
the reference and counter electrodes, respectively. The working
electrode was a glassy carbon disk (GC) electrode. A Hewlett Pack-
ard 8452a diode array spectrophotometer was used for the UV–
Visible absorption spectral measurements in the wavelength range
of 200–600 nm. The pHmeasurements were performed with a CRI-
SON 2001 micro pH-meter. Experiments were carried out at room
temperature, 25 ± 1 C.Fig. 1. Cyclic voltammograms recorded during the electrodeposition of RuOHCF on
a MWCNTs100/GC electrode in a solution containing 1 mmol L1 K3Fe(CN)6 + 1 -
mmol L1 RuCl3 + 0.5 mol L1 KCl + 0.05 mol L1 HCl. Vertical arrows indicate
changes in voltammograms with scan number. Scan rate: 100 mV s1.2.3. Modiﬁcation of the electrode surface
The surface of the GC electrode was polished with an alumina
suspension (1 lm, Alfa Aesar, Massachusetts, USA) on a microcloth
polishing pad, rinsed with water and sonicated for ﬁve minutes in
distilled water. The electrodeposition of the ruthenium oxide
hexacyanoferrate ﬁlm (RuOHCF) onto the surface of the glassy
carbon electrode was performed by repetitive potential sweeping
between the limits of -0.5 and 1.3 V at a rate of 100 mV s1 in a solu-
tion containing 0.5 mol L1 KCl + 0.05 mol L1 HCl + 1 mmol L1
K3Fe(CN)6 + 1 mmol L1 RuCl3. The stability of the modiﬁed elec-
trode was examined by recording cyclic voltammograms between
the same potential limits with the modiﬁed electrode immersed in
supporting electrolyte solution (0.5 mol L1 KCl + 0.05 mol L1
HCl). MWCNTs were dispersed in DMF, 1% (w/v), and sonicated for
4 h to ensure a homogeneous mixture. The MWCNT coating was
prepared by dropping 5 lL of the MWCNTs/DMF dispersion on the
surface of the GC electrode (area: 0.07 cm2) using a micropipette
and allowing it to dry at room temperature (leading to a ﬁlm with
0.71or1.4 mg cm2 ofMWCNTs). Twodifferentprocedureswere
employed tomodify theGC surface to obtain the best response of the
fabricated devices for hydrogen peroxide sensing:– The RuOHCF ﬁlm was electrodeposited onto the GC surface
without the incorporation of MWCNTs (denoted RuOHCF/GC).
– The GC electrode was modiﬁed with a dispersion of 50 or
100 lg of MWCNTs, followed by electrodeposition of the
RuOHCF ﬁlm (denoted RuOHCF/MWCNTs50/GC and RuOHCF/
MWCNTs100/GC, respectively).
2.4. Hydrogen peroxide monitoring during the Fenton reaction
Phenol (0.25 mmol L1) was submitted to degradation by the
Fenton reaction in a pH 3 aqueous solution, adjusted with sulfuric
acid, containing 11 mmol L1 H2O2 and 0.88 mmol L1 Fe2+. Hydro-
gen peroxide was analyzed by using the RuOHCF/MWCNTs/GC
modiﬁed electrode in the amperometric mode (E = 0.0 V vs. Ag/
AgCl/KCl(sat)). At different times, aliquots (100 or 200 lL) of the
reaction mixture (100 mL) were removed from the reactor and
diluted to a ﬁnal volume of 5.0 mL of supporting electrolyte
solution. Aliquots were also taken from the reactor at the same
times for parallel hydrogen peroxide determinations (in the range
from 0.025 to 1 mmol L1) by the spectrophotometric metavana-
date method (absorption at 450 nm of VO3þ2 ) [24].
3. Results and discussion
3.1. Modiﬁcation of the RuOHCF ﬁlm on the surface of the glassy
carbon electrode with multi-walled carbon nanotubes (MWCNTs)
Fig. 1 shows the typical growth of a RuOHCF ﬁlm on the surface
of a MWCNTs100/GC electrode. The anodic and cathodic peaks cor-
respond to electrodic processes involving the material immobilized
on the electrode surface. Accordingly, the redox activity of the
ruthenium oxide hexacyanoferrate ﬁlms is based on the electron
transfer processes involving the Ru(II)/Ru(III), Ru(III)/Ru(IV) and
Fe(II)/Fe(III) couples [25]. A signiﬁcant enhancement of the current
is observed during the electrodeposition of the RuOHCF ﬁlm rela-
tive to that in the voltammograms of a bare GC electrode (voltam-
mograms not shown) [26], which reﬂects the increased surface
area provided by the carbon nanotubes [23].
The effect of the scan rate on the electrochemical behavior of
the RuOHCF/MWCNTs100/GC modiﬁed electrode is shown in
Fig. 2A. The scan rate dependence of the cathodic peak current
(at E = 0.0 V vs. Ag/AgCl/KCl(sat)) of the modiﬁed electrode follows
a characteristic linear law up to 200 mV s1 (Fig. 2B), providing evi-
dence for a surface-conﬁned reaction.
Fig. 2. Cyclic voltammograms recorded with the RuOHCF/MWCNTs100/GC modi-
ﬁed electrode in a 0.5 mol L1 KCl + 0.05 mol L1 HCl solution at different scan rates
from 20 to 200 mV s1 (A). Dependence of cathodic peak currents as a function of
scan rate (B) E = 0.0 V vs. Ag/AgCl/KCl(sat).
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Fig. 3 shows cyclic voltammograms recorded with the RuOHCF/
MWCNTs100/GC modiﬁed electrode in the absence and presence
of hydrogen peroxide in the potential range from 0.5 to 0.5 V.
The electron transfer associated with the Ru(II/III) couple is
responsible for the single reversible electrochemical process in
the absence of hydrogen peroxide (Fig. 3a). After the addition of
hydrogen peroxide, the current associated with the cathodic pro-
cess increases due to the electrocatalytic reduction of hydrogen
peroxide in the presence of Ru(II/III) centers. Concomitant with
the increase in the cathodic current, the anodic current decreases
due to the consumption of the reduced ruthenium species by
hydrogen peroxide (Fig. 3b–e). These results conﬁrm the electro-
catalytic properties of the RuOHCF/MWCNTs100/GC modiﬁed
electrode for the reduction of hydrogen peroxide, which allows
low-potential amperometric measurements that are less suscepti-
ble to interferences from other species. The inﬂuence of acidity on
the electrocatalytic reduction was investigated and experiments
were performed by varying the concentration of HCl from 0.05 toFig. 3. Cyclic voltammograms recorded in a solution containing 0.5 mol L1
KCl + 0.05 mol L1 HCl solution before (a) and after (b–e) addition of hydrogen
peroxide (ﬁnal concentrations: 0.9 (b), 1.6 (c), 2.3 (d) and 2.8 (e) mmol L1)
employing the RuOHCF/MWCNTs100/GC modiﬁed electrode. Vertical arrows indi-
cate changes in voltammograms with scan number. Scan rate = 25 mV s1.104 mol L1. Higher catalytic currents were obtained at more
acidic solutions and subsequent experiments were carried out at
0.05 mol L1 HCl supporting electrolyte.
The role of MWCNTs on the electroreduction of hydrogen
peroxide was also investigated. Preliminary experiments were per-
formed with a reversible probe (FeðCNÞ36 ) and voltammograms
were recorded with a GC electrode and a GC electrode coated with
MWCNTs. Results shown in Fig. 4A clearly conﬁrm the expected
increase in the surface area and the background-current envelope
after the immobilization of MWCTNs. Experiments with both
electrodes were then repeated with hydrogen peroxide and
voltammograms exhibited in Fig. 4B demonstrated the electro-
chemical activity of MWCNTs towards this compound. Hence, the
immobilization of MWCNTs on the electrode surface in fact plays
a key role in the increase of the sensitivity of the proposed
analytical method owing to the accelerated electroreduction and
larger surface area, as already reported in the literature [27,28]
The inﬂuence of the amount of MWCNTs coated onto the elec-
trode surface on the response of the sensor to hydrogen peroxide
was evaluated by amperometry using three different modiﬁed
electrodes: RuOHCF/MWCNTs50/GC, RuOHCF/MWCNTs100/GC
and RuOHCF/GC, this last electrode serving as the control. Calibra-
tion plots were obtained over the hydrogen peroxide concentration
range from 0.1 to 2.3 mmol L1 in a 0.5 mol L1 KCl + 0.05 mol L1
HCl supporting electrolyte solution. Based on the selectivity of theFig. 4. Cyclic voltammograms recorded in a 0.5 mol L1 KCl + 0.05 mol L1 HCl
solution containing 1.4 mmol L1 Fe(CN)63- (A) and 1.0 mmol L1 H2O2 (B)
employing a GC electrode (a) and a GC electrode coated with MWCNTs (b). Scan
rate = 50 mV s1.
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ments was 0.0 V. The results in Fig. 5 demonstrate that the best
sensitivity was achieved with the RuOHCF/MWCNTs100/GC modi-
ﬁed electrode. This is consistent with an increase in the electron
transfer rate due to the greater amount of MWCNTs.
This modiﬁed electrode shows several promising analytical fea-
tures, in particular a lower detection limit and a higher sensitivity,
allowing small variations in the hydrogen peroxide concentration
to be reliably detected.Fig. 6. Current responses monitored as a function of time with the RuOHCF/
MWCNTs100/GC modiﬁed electrode in 0.5 mol L1 KCl + 0.05 mol L1 HCl support-
ing electrolyte during successive additions of hydrogen peroxide; E = 0.0 V vs. Ag/
AgCl/KCl(sat) (A). Inset: Calibration plot (B).3.3. Determination of hydrogen peroxide in samples obtained from a
Fenton reaction
Because the Fenton reaction takes place so quickly, it is difﬁcult
in most situations to have a precise control of the hydrogen perox-
ide concentration during the degradation of organic compounds.
Moreover, the added hydrogen peroxide concentrations can vary
widely, from submillimolar up to 0.16 mol L1 [2], depending on
the concentration of the organic compound, requiring that a use-
able electrode have a fairly large linear response range. For the
RuOHCF/MWCNTs100/GC modiﬁed electrode the linear dynamic
concentration range extended from 0.1 up to at least 10 mmol L1
hydrogen peroxide, as shown in Fig. 6B. Hence, with this electrode,
the need for sample dilution is minimized, avoiding possible con-
tamination and reducing the time of analysis. Fig. 6A shows the re-
sults of a typical amperometric experiment performed with the
RuOHCF/MWCNTs100/CG modiﬁed electrode operating potentio-
statically at 0.0 V in a stirred solution. The corresponding linear
equation obtained with this detector was determined as -
I (lA) = 0.3 + 31.2[H2O2] (lmol L1), R2 = 0.9995. The detection (S/
N = 3) and quantiﬁcation (S/N = 10) limits were calculated as 2.1
and 7.1 lmol L1, respectively. The reproducibility of the sensor
fabrication was evaluated by comparing the response of ﬁve inde-
pendently and freshly prepared electrodes to hydrogen peroxide.
The RSD (relative standard deviation) was found to be 8.3%, indi-
cating an efﬁcient and reproducible immobilization. The opera-
tional stability of the electrode was also examined and a
reproducible current with a RSD of 2.1% was observed in 15 succes-
sive assays of 0.5 lmol L1 hydrogen peroxide using the same
modiﬁed electrode. The analytical performance of our RuOHCF/
MWCNTs100/GC modiﬁed electrode is compared in Table 1 with
those of several different sensors reported in the literature. As is
clear from this Table, our electrode combines an extended linearFig. 5. Calibration plots for the different types of modiﬁed electrodes in 0.5 mol L1
KCl + 0.05 mol L1 HCl solution upon addition of hydrogen peroxide. E = 0.0 V vs.
Ag/AgCl/KCl(sat). RuOHCF/GC (a), RuOHCF/MWCNTs50/GC (b) and RuOHCF/
MWCNTs100/GC (c).concentration range with a good detection limit and high
sensitivity.
The Fenton reaction between hydrogen peroxide and Fe2+ pro-
duces Fe3+ as one of the products. Experiments carried out at
0.0 V vs. Ag/AgCl/KCl(sat) showed that both hydrogen peroxide
(Fig. 7, curve a) and Fe3+ (Fig. 7, curve b) are electroactive at the
working potential, but that the RuOHCF/MWCNTs100/GC modiﬁed
electrode did not respond to Fe2+ (Fig. 7, curve c). However, when
Fe2+ was added to a solution containing hydrogen peroxide, a cur-
rent enhancement was observed due to the Fe3+ produced by the
oxidation of Fe2+ by H2O2 (Fig. 7, curve a). Moreover, this current
response was more pronounced than that observed upon addition
of the equivalent concentration of Fe3+ to the supporting electro-
lyte (Fig. 7, curve b). This is attributed to the reaction between
electrochemically generated Fe2+ and hydrogen peroxide, as shown
in (Eq. (3)) [29], which enhances the current by regenerating Fe3+
in the reaction layer adjacent to the electrode surface.
ð3Þ
Taking into account the interference of Fe3+, and hence of Fe2+ in
the presence of hydrogen peroxide, on the detection of hydrogen
peroxide with the RuOHCF/MWCNTs100/GC modiﬁed electrode,
attempts were made to circumvent the problem of interference
by using complexing agents for Fe3+. Voltammetric experiments
were carried out in supporting electrolyte solution (0.5 mol L1
KCl and 0.05 mol L1 HCl) containing 2.0 mmol L1 Fe3+, before
and after the addition of the complexing agents such as the ﬂuoride
ion, EDTA and the oxalate ion. The voltammetric peak correspond-
ing to the reduction of Fe3+ shifted towards more negative poten-
tials as the concentration of complexing agents increased. Of the
complexants investigated, the best results were obtained with
the oxalate ion. Thus, at concentrations higher than 80 mmol L1
oxalate, the electroreduction of Fe3+ shifted to potentials more neg-
ative than 0.0 V, eliminating the interference of Fe3+ in the deter-
mination of hydrogen peroxide with the RuOHCF/MWCNTs100/
GC modiﬁed electrode. Besides Fe3+, whose inﬂuence was mini-
mized by using oxalate, other sample constituents of the Fenton
reaction samples are not amenable to electron-transfer processes
at the working potential (0.0 V).
Table 1
Comparison of the RuOHCF/MWCNTs100/GC modiﬁed electrode with other H2O2 sensors.
Electrode Detection potential (V) Sensitivity (lA mmol1 L cm2) Linear range (lmol L1) Detection limit (lmol L1) Ref.
PB/MWCNTs/GC – – 0.08–1 40 [31]
MnO2/Naﬁon/GCE +0.80 514 10–150 2.0 [32]
CuO nanowires –0.2 30.1 10–2887 – [33]
MWCNTs50/PMB/CC 0.0 108 100–3000 21.7 [28]
PNRNWs –0.1 318 1–8000 1.00 [34]
RuOHCF/MWCNTs100/GC 0.0 1280 100– 10000 2.1 This work
Fig. 7. Current responses monitored as a function of time with the RuOHCF/
MWCNTs100/GC modiﬁed electrode in 0.5 mol L1 KCl + 0.05 mol L1 HCl support-
ing electrolyte after additions of aliquots of H2O2, Fe2+ and Fe3+ to give the following
ﬁnal concentrations: 0.73 mmol L1 H2O2 and 0.15 mmol L1 Fe2+ (a) 0.15 mmol L1
Fe3+ (b) and 0.15 mmol L1 Fe2+ (c). E = 0.0 V vs. Ag/AgCl/KCl(sat).
Fig. 8. Current responses monitored as a function of time with the RuOHCF/
MWCNTs100/GC modiﬁed electrode immersed in a 0.5 mol L1 KCl + 0.05 mol L1
HCl + 80 mmol L1 C2O
2
4 supporting electrolyte solution (5.0 mL) during repetitive
injections (100 or 200 lL) of Fenton reaction samples (n = 3). E = 0.0 V vs. Ag/AgCl/
KCl(sat) (A). The inset shows the comparison between the amperometric and
spectrophotometric [24] results for the hydrogen peroxide concentration (B).
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trations during the degradation of a typical pollutant, we chose the
Fenton degradation of phenol. Phenols are common pollutants,
found in liquid efﬂuents from various industrial processes [30].
The hydrogen peroxide concentration was monitored throughout
the degradation of phenol (0.25 mmol L1) by the Fenton reaction
(0.88 mmol L1 Fe2+ and 11.0 mmol L1 H2O2 initial concentra-
tions) using our amperometric sensor. Aliquots of the reactionmixture were collected and immediately injected into a solution
containing 0.5 mol L1 KCl + 0.05 mol L1 HCl + 80 mmol L1
C2O42. The results, shown in Fig. 8, nicely illustrate the consump-
tion of hydrogen peroxide as a function of time and are in excellent
agreement (at the 95% conﬁdence level according to Student’s t
test) with parallel measurements employing a standard spectro-
photometric method [24]. These results thus conﬁrm the useful-
ness of the RuOHCF/MWCNTs100/GC modiﬁed electrode as an
amperometric sensor for the rapid detection of hydrogen peroxide
in Fenton reaction systems.4. Conclusions
A new type of RuOHCF–MWCNTs composite has been prepared
by electrodeposition of a RuOHCF ﬁlm on the surface of a glassy
carbon electrode coated with a layer of MWCNTs. The RuOHCF/
MWCNTs100/GC sensor promotes the electroreduction of hydro-
gen peroxide at a very low potential (0.0 V vs. Ag/AgCl/KCl(sat)) with
high sensitivity due to the synergistic ampliﬁcation effect provided
by RuOHCF and the MWCNTs, responsible for the enhanced elec-
trocatalytic properties of the sensor. The RuOHCF/MWCNTs100/
GC modiﬁed electrode exhibited a linear response to hydrogen per-
oxide over a wide range of concentration and good analytical per-
formance. Although the response of the RuOHCF/MWCNTs100/GC
modiﬁed electrode suffers signiﬁcant interference from Fe3+, this
interference could be circumvented by adding oxalate as a com-
plexing agent. This was demonstrated by the determination of
hydrogen peroxide during the Fenton degradation of a typical or-
ganic molecule, phenol, indicating the viability of adapting our
proposed sensor for continuous routine monitoring of hydrogen
peroxide during Fenton reactions.
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